We determined the optimal technical conditions for postembedding non-radioactive in situ hybridization applied to ultrastructural location of collagen I mRNA in rat kidney. The signal-to-noise ratio was improved by enhancing hybridization efficiency and distinguishing nonspecific labehg.
Introduction
In situ hybridization (ISH) with non-radioactive probes has been extensively developed in the past decade and used to detect a variety of nucleic acids in mature, developing, and pathologically altered tissues. Non-radioactive ISH is successfully used with light microscopy (LM) (4,5,7,9,18,22,23,38.44,46) and has been extended to electron microscopy (EM) by several authors (2, 8, 14, 26, 27, 30, 36, 40, 43, 48, 49) . The same non-radioactive probes are used in EM ISH and LM ISH, and include oligonucleotides, cDNAs, and RNAs labeled with biotin, digoxigenin, or bromodeoxyuridine. Hybridization can be done on ultra-thin sections of frozen tissues or tissues embedded at low temperature in hydrophilic resins such as Lowicryl. It can also be done on vibratome sections subsequently embedded in epoxy resins. The hybridized probes are detected by cytochemical and/or immunocytochemical techniques, with or without amplification, using avidin, streptavidin, or antibodies bound to peroxidase or colloidal gold.
Non-radioactive EM ISH has been used to detect viral DNA and RNA in cell substructures (11,28,29,32,36,37,45,50,53), as well as the distribution of mammalian genomic sequences (6J4.30, 33,35,41) and the location of ribosomal DNA (rDNA) and RNA (rRNA) (2,12,17,42). However, despite a great deal of work (8, 10, 19, 26, 27, 31, 34, 40, 43, 48, 49) , detection of eukaryotic cytoplasmic mRNA remains difficult, perhaps because of weak signal intensity and a poor signal-to-noise ratio. Relative to vinl or nuclear DNA and RNA, cytoplasmic mRNA molecules are usually few in number, and probe detection in EM ISH is susceptible to a variety of noise. Another problem is ultrastructural preservation of the cytoplasmic domain. In fact, the compromise between structural preservation of cells and cytoplasmic retention of mRNA is much more difficult than in detection of viral or nuclear nucleotides, where cytoplasmic resolution is of minor importance. However, under certain circumstances EM ISH is the only means of achieving accurate recognition of a single cell expressing a specific gene in a histologically complex tissue. Moreover, none of the existing LM ISH techniques can provide information on intracellular routing of mRNA or the topological relationship of mRNA with the encoded pro-for long periods and used to study ultrastructural changes associated with various pathologies. Other advantages are the fact that (a) relevant areas can be recognized on thick sections and thus selected for thin sectioning before carrying out ISH, (b) the interior of intracellular structures is evenly exposed at the surface of the sections, and (c) hybridization on grids is product-and time-saving relative to the pre-embedding technique, which must be followed by an embedding step that lengthens the overall ISH procedure. The aim of this study was to optimize non-radioactive post-embedding EM ISH as regards resolution and the signal-to-noise ratio, using the probe for collagen I mRNA on thin sections of Lowicryl K4Membedded rat kidney. We report improvements in structural integrity, probe-labeling methods, hybridization conditions, probe detection systems, and discrimination between specific and nonspecific labeling.
Materials and Methods
Tissue Proccssing. Male obese Zucker rats were kindly supplied by Dr. M. Lavau (INSERM U. 177, Paris. France) and were used at 14 days and 8 months of age. The animals were decapitated and the right kidney was removed and immediately frozen and stored in liquid nitrogen until LM. The left kidney was cut into small pieces and fixed at 4'C in freshly prepared 4% paraformaldehydel0.1 M sodium cacodylate solution, pH 7.4. for 2, 4. 8, or 24 hr. Samples were carefully washed in 0.1 M sodium cacodylate buffer and dehydrated in a graded series of ethanol at gradually decreasing temperatures to -20°C. The tissue was then infiltrated at -2O'C in baths of Lowicryl K4Ml100% ethanol. lvllv and 2vllv. respectively. each for 2 hr. and then in pure Lowicryl K4M at -35°C overnight. Polymerization was performed under 320-nm wavelength at -35'C for 48 hr and at room temperature (RT) for another 72 hr. Areas of semi-thin sections containing arteries from young rats and areas containing interstitial fibrosis domains from old rats were selected and thin sections (80 nm) were cut with a Reichert-Jung Ultratome and mounted on carbon-coated nickel grids.
Probe Preparation. The DNA probe (approximately 900 BP long, inserted in pBR 322 plasmid) was complementary to mRNA encoding the al-chain of mouse Type I collagen. and was generously provided by Dr. M.Y. Laurent (INSERM U118, Paris, France). The plasmid was amplified in tramformed bacteria and the probe recovered with the alkaline lysis method (3).
The probe was labeled with either biotin-11-dUTP (Sigma; St Louis, MO) by nick translation or digoxigenin-dUTP. using a random primer labeling kit (Boehringer; Mannheim. Germany). Briefly, in nick translation, 0.3-0.5 pg of probe DNA was added to a dNTP mixture containing biotin-Il-dUTP, then incubated for 90 min at 15'C in 20 pI of reaction mix consisting of the dNTP mixture, buffer and enzymes. The biotinylated probe was purified by chromatography on a Sephadex G5O column (Pharmacia; Uppsala. Sweden). In random primer labeling. 0.2 pg of probe DNA denatured in boiling water was incubated with 20 pl of a mixture containing digoxigenin-dUTP overnight at RT. Labeled DNA was purified by precipitation with LiCl and ethanol.
Labeling efficiency was routinely estimated by dot-blotting on membranes, as follows. Serially diluted probe DNA was spotted onto a nylon membrane. After fixation of DNA by brief exposure to uv radiation and pre-incubation with a blocking solution (Boehringer). the membrane was incubated with anti-biotin or anti-digoxigenin antibody conjugated to alkaline phosphatase (Boehringer) for 30 min. then reacted with substrate solution prepared from a tablet of 5-bromo-4-chloro-3-indolylphosphatelnitroblue tetrazolium (BCIPINBT; Sigma) for 15 min in the dark. Incorporation of biotin or digoxigenin was estimated from the intensity of the blue-purple dots, with reference to dots of standard labeled DNA.
In Situ Hybridization. In an attempt to increase the efficiency of ISH. sectionswere pre-treated with NaOH (0.5-5 N). HCI (1 N). sodium ethoxide (saturated sodium hydroxide in pure ethanol). Triton X-200 (1-10%). or proteinase K (50 pg-1 mglml).
To check the significance of nuclear gold labeling. DNAse was applied to a few sections in the digoxigenin treatment group. The procedure was performed just before ISH by floating the grids at 37'C for 2 hr on drops of a solution containing 500 Ulml RNAse-free DNAse (Boehringer), 0.1 M sodium acetate, and 5 mM MgSO.1. Sections were thoroughly washed with a jet of distilled water and air-dried.
The ISH mixture contained 50% deionized formamide. 10% dextran sulfate. 2 x standard saline citrate (SSC), and 10 pglml salmon sperm DNA. The labeled probe was added to the ISH mixture at a final concentration of 5-10 nglpl. The concentration of biotinylated probe was usually twice that of the digoxigenin-labeled probe. It was then denatured in boiling water and immediately transferred to ice before use. For hybridization, the grids were floated on drops (2 pl) of hybridization solution placed on Parafilm (American National Can; Greenwich, CT) stuck to the bottom of a Petri dish. The dish was placed in a moist chamber containing two facial tissues (Lotus; Louviers, France) onto which 15 ml of ISH mixture. minus the probe, was poured. Hybridization was run for 1 hr at 60'C and 15 hr at 45'C. A brief post-ISH wash was done at RT by floating the grids on distilled water (1 min) and then on Tris-buffered saline (TBS), pH 7.5 (twice for 3 min). In ISH with the digoxigenin probe, the grids were rinsed with buffer T (Tris-HCI. pH 7.5, 0.1% bovine serum albumin. 0.1% fish gelatin, and 0.05% Tween) instead of TBS. Hybridization was also run at 37"C, 45'C. and 65°C for 1 hr, 2 hr, and 4 hr. but no improvement was obtained over the conditions described above, which were therefore used in subsequent studies.
Probe Detection. A one-step and a two-step immunogold system were used to detect biotinylated probes. In the one-step procedure, the grids were incubated for 2 hr at RTwith a mouse anti-biotin antibody conjugated with IO-nm gold particles (BioCell; Cardiff. UK) diluted 1:25 in TBS. In the two-step immunogold system, the grids were incubated for 1 hr at RT with a mouse monoclonal anti-biotin antibody (Boehringer) diluted 1:25 in TBS, and then, after rinsing in TBS (twice for 5 min), with a goat antimouse antibody conjugated with IO-nm gold particles (GAM-Glo; Amersham Life Science, Little Chalfont. UK) diluted 1:5 in TBS. for 1 hr at RT. The following two-step enzyme detection system was also tested. The grids were incubated with peroxidax-conjugated streptavidin (Amenham) diluted 1:lOO in TBS, pH 7.4. then, after rinsing in TBS. pH 7.6 (twice for 5 min), with 0.5 mglml diaminobenzidine (DAB Immunotech, Marseille. France) containing 0.03% H202.
A two-step immunogold detection sysrem was used with the digoxigeninlabeled probe. The grids were incubated for 1 hr at RT with a mouse mono-P r Figure 1 . Dot-blot characterization of digoxigenin (upper lane) and biotin (lower lane) incorporation into the cDNA probe. DNA dilutions were 1. 1:2, 1:4. and 1:8, from left to right. The digoxigenin-labeled probe showed better incorporation (darker dots) and consumed less DNA (200 ng) than the biotinylated probe (300 ng DNA). clonal anti-dipxigcnin antibody ( k h r i n g e r ) diluted 1:3000 in TBS conraining normal rat scrum (same volume as the anti-digoxigenin antibody) and then. after rinsing in Buffer T (twice 5 min). with GAM-GIO (diluted 1:10 in TBS) for 1 hr.
Controls. Controls for in situ hybridization and the detection proced u r a were as follows: (a) ISH without the probe. followed by identical detcction steps: (b) ISH followed by GAM-Glo incubation. omitting the incubarion step with anti-biotin or anti-dipxigcnin antibodies; and (c) treatment with RNA= (50 pglml) for 1 hr at 37'C bdorc ISH.
in Tris buffer. Finally. after rinsing in Tis. alkaline phosphatase activity was revealed with Fast Red substrate solution (Dakopatts). The control was incubated directly with Fasr Red. Sections were stained with hematoxylin after the histochemical procedure.
Signal Intensity Measurement. The intensity of the colloidal gold hybridization signal was determined on fibroblass and tubule cells. Electron micrographs were taken at a magnification of x 16.000 by an operator unaware of the origin of the grids, and comprised at least 15 gold-bearing cells in each cxpcrimental group. An averagc of five different fields cover-Smion Staining. h i c r y l thin sections were stained by standard methods (uranyl acctate and lead citrate) or by an altematiw method dewlopcd by Homwitz and Woodcock (15) . usingethanol-uranyl acetate (EUA) and ethanol-phosphotungstic acid (EPTA). EUA and EPTA solutions were prepared by mixing a 2% aqueous solution of uranyl acetate or phosphotunpic acid. rcspectivcly. with an equal volume of absolute ethanol. immediately bdore ux. Sections were doubly stained by floating the grid on a drop of EUA for 4 min and then on a drop of EPTA for 2 min. each step being followed by a washing step (jet of distilled water for 30 sec).
The grids subjected to ISH and enzyme detection and DAB were tmted with 0.1% os04 for 15 min with no counterstaining.
After staining, the grids were thoroughly air-dried before being obx r w d with a Zein EM-IO electron microscope.
Endogenous Biotin Detection. Cryostat kidney sections from the rats used for EM ISH were used to check for endogenous biotin. Sections stuck on glass slides were thawed. briefly fixed in pure acetone. and processed for LM obxrmtion according to the alkaline phosphanw-anti-alkaline phosphatase complex (APAAP) technique. Sections were incubated for 30 min at RT with a moux monoclonal anti-biotin antibody diluted 1 2 5 in Tris buffer containing 0.5% BSA. pH 7.4. After a brief jet wash with Tris buffer. wctions were incubated for 30 min with a rabbit anti-mow antibody diluted 1:20 in Tris buffer containing 0.5% BSA and normal rat scrum (same volume as rabbit antibody solution). They were then incubated for 30 min with a mouse APAAP complex (Dakoparts: Trappes. France) diluted 1:75 ing the entire cytoplasmic area were m i n e d for each cell and the number of gold particles within t h a e areas was measured using an automated image analyzer with software written by Dr. D. Heuda which excluded mitochondria. The density of gold p u t i c l a /~* of cytoplasm was then calculated and expmsed as mean i SD. Nuclear labeling intensity was determined in the same way on fibroblass in the digoxigcnin tmtment group. with and without D N A x treatment.
Results
The best morphological preservation of kidney samples embedded in h i c r y l K4M was achieved when they were fixed for at least 4 hr. A 2-hr fixation step gave poor cytoplasmic morphology, with disrupted organella and loss ofmitochondrial cristae. Longer periods of focation. although improving structural preservation. diminished hybridization dficiency. Routine staining with uranyl acetate alone generated low contrast, and addition of lead citrate induced a "pepper effect," contamination by small, dense, and coarse deposits. In contrast, the use of alcoholic stains as described by Horowitz and Woodcock (15) significantly improved the contrast (se Figum 2-4 and 6-7). and enabled intracytoplasmic structures and cell typcs to be precisely identified.
Dot-blot detection was used to check the dficiency of probe labeling. As shown in Figure 1 , nick-translation or random priming led to good labeling of the probe with biotin or digoxigenin, respectively. However, the efficiency ofthe two methods was different. To achieve an equivalent degree of incorporation (dot intensity), random priming usually required one third to one half less DNA probe than nick-translation, and digoxigenin labeling yielded better incorporation than biotin labeling (Figure 1) . Hybridization with biotinylated probe, detected with the twostep immunogold technique, revealed labeling on fibroblasts and tubule cells. Labeled fibroblasts were located around the outer layers of arteries in young rats and scattered in areas of interstitial fibrosis in old rats. The proportion of labeled fibroblasts was approximately 5-10% close to arteries, but varied considerably from one field to another in areas of interstitial fibrosis in old rats. In fibroblasts, isolated gold particles were observed on endoplasmic reticulum (ER) membrane profiles, mitochondria, the cytoplasmic matrix, and, occasionally, nuclei (Figures 2 and 3) . Labeling on tubule cells was concentrated on mitochondria, with a density of gold partides equal to or very often higher than that on fibroblasts (Figure 4) . No reproducible labeling of fibroblast cytoplasm was obtained with the one-step technique using gold-conjugated anti-biotin antibody, although labeling on mitochondria of both fibroblasts and tubule cells was visible. Controls without probe contained no gold particles in the cytoplasm, although mitochondria were labeled. GAM-Gio used alone after ISH resulted in complete absence of labeling.
Because omission ofthe hybridizing probe did not prevent gold labeling of fibroblast mitochondria and, to a much greater extent, tubule cell mitochondria, we tested for endogenous biotin that could bind the anti-biotin antibody. Immunohistological tests were performed on cryostat sections of kidney from the rats used for EM ISH. Anti-biotin antibody, revealed by the APAAP technique, induced pink staining located essentially on tubule cells. Almost no staining was found around arteries, in areas of interstitial fibrosis, or in glomeruli (not illustrated). Controls incubated with Fast Red substrate alone were unstained, suggesting that tubule cells bore substantial endogenous biotin which led to false labeling of these cells in hybridization detection procedures.
The biotinylated probe was also detected by peroxidase-conjugated streptavidin. In this case, electron-dense deposits of DAB were restricted to parts of the ER membrane profiles, with no obvious deposits on mitochondria, nuclei, or the cytoplasmic matrix ( Figure 5 ). These DAB deposits were mainly present on fibroblasts and, occasionally, on tubule cells and glomerular podocytes. They were also found, with lesser intensity, when the hybridizing probe was omitted or when DAB was used alone. This indicated the presence of endogenous peroxidase associated with the ER of these cells.
With the digoxigenin-labeled probe and the anti-digoxigenin-GAM-Gio detection system, gold particles were mainly observed on fibroblasts around arteries in young rats and in areas of interstitial fibrosis in old rats. They were also present, although to a much lesser extent, on some other cell types, such as tubule cells. About 10-20% of periarterial fibroblasts were labeled in young rats, but the proportion of labeled cells in old rats varied considerably from one area to the next. The density of gold particles on cytoplasm was estimated on gold-bearing periarterial fibroblasts and tubule cells by an automated image analyzer. A significant concentration of gold particles was observed on fibroblasts (fibroblasts 1.88 i 1.12, tubule cells 0.36 2 0.29 particleslpd of cytoplasm; p< 0.001). In contrast, the biotinylatedprobe yielded weaker labeling than the digoxigenin method (0.94 * 0.38 gold p a r t i~l e s l~~ of fibroblast cytoplasm; p < 0.01). In the digoxigcnin treatment p u p , gold particles in the fibroblast cytoplasm were associated with ER membrane profiles or distributed within the cytoplasmic matrix. usually in clusters of three to 10 particles (Figures 6 and 7) . Occasionally, the inner and outer membranes of nuclear envelopes were also labeled. The nuclei were frequently labeled with gold particles ( Figure 6) , essentially in areas of condensed heterochromatin. Nucleoli never exhibited gold particles. DNAse pre-treatment significantly reduced binding of gold particles to the nuclei (2.14 2 0.88 vs 3.97 2 1.11 particleslpd of nucleus, with and without DNAse, respectively; p<O.OOl), the remaining particles being mainly associated with fibril-like structures. Mitochondria. collagen fibers, and extracellular spaces were devoid of gold particles ( Figures 6 and 7) . Controls incubated with hybridization mixture devoid of probe showed few if any gold particles on the cytoplasm and nuclei. On control sections pre-treated with RNAse, gold patticles were visible on the nuclei but not on the cytoplasm.
To intensify the ISH colloidal gold signal, sections were pretreated with protein-digesting enzyme and various etching reagents (NaOH, HCI, Triton X-200, and sodium ethoxide). Such pretreatment did not enhance specific labeling of the fibroblast cytoplasm. On the contrary, nonspecific adhesion of gold particles to irrelevant structures and resin was substantial and was accompanied by a deterioration of the general morphological aspect of the cells (most markedly so with proteinase K).
Hybridization was run at various temperatures and for various times. Labeling was weak at 37°C for 1-16 hr and 45°C for 1-4 hr. A high temperature (65°C) for 16 hr generated many large deposits of hybridization mixture which subsequently fued gold particles, making the results uninterpretable. The best results were achieved by hybridizing the sections for 1 hr at 60°C and then for 15 hr at 45°C.
Discussion

Retention and Accessibility of mRNA in Lowicrylembedded Thin Sections
Post-embedding EM ISH with a non-radioactive probe was used to detect mRNA encoding collagen I in the kidneys of young and old obese Zucker rats. Hybridization signals were observcd on fibroblasts located around arteries in developing connective tissue of young rats and on fibroblasts scattered in areas of interstitial fibrosis in aging rats. These findings are in keeping with the distribution we observed by LM ISH with radiolabeling on cryostat sections of the same tissue (data not shown). These findings indicate that mRNA can be retained in Lowicryl-embedded tissues and detected on ultra-thin sections by ISH, with accurate identification of cell types and subcellular compartments.
Our sample preparation protocol therefore offers an acceptable compromise between mRNA retention and cell structure preservation. Longer fixation yielded a better morphological aspect at the expense of impairment of hybridization. Post-staining of sections YI, MICHEL, SASSY-PRIGENT, CHEVALIER
ELECTRON MICROSCOPIC IN SITU HYBRIDIZAnON
with ethanol-uranyl acetate and ethanol-phosphotungstic acid (15) gave images with good contrast, all membranous structures being clearly delineated. This method enabled us to recognize cell organelles and to define precisely the substructural distribution of the signal. In contrast, when we used uranyl acetate followed by routine lead citrate processing, the latter usually gave rise to a "pepper effect" that prevented distinction from gold particles. The use of uranyl acetate alone, as employed by many authors, barely revealed membranous structures, and many details of cell morphology, with the exception of nuclei, were either missing or poorly identified.
Exuemely varied conditions for hybridization (temperature and duration) have been proposed (2,11.19,25-29,36,49) . In our hands, the most efficient ISH was obtained with a hybridization period of 16 hr (the first hour at 60°C and the subsequent 15 hr at 45'C).
We found that it was essential to use and to maintain tiny drops (2 NI) of hybridization solution at a constant volume and original reagent concentration during the procedure. This was done by humidlfying the hybridization chamber with the hybridization mixture minus the probe. At such a high temperature and long hybridization time, the small drops used are susceptible to dilution (if a standard buffer or plain distilled water is used to humidlfy the chamber) or to evaporation (if humidity levels are inadequate). Both situations would drastically change the concentration and efficiency of the probe. Pre-treatment of sections with etching reagents and digesting enzymes has been reported to improve hybridization efficiency in post-embedding ISH (28,29,32,34-37,50) , but we failed to enhance the hybridization signal by such pre-treatment. In addition, cell structures were damaged and nonspecific binding of gold particles increased, probably owing to surface roughness of sections engendered by etching. The pre-treatment steps used in viral genome detection might be interpreted as indicating that the strong alkaline or acid conditions may denature the viral DNA double helix, thereby facilitating hybridization. Structural damage is a lesser concern in these settings, as extranuclear morphology is irrelevant. Therefore, in our experience, pre-treatment can be detrimental to the signal-to-noise ratio in working on mRNA.
We tested several immunogold systems for detection of probes hybridizing to the corresponding mRNA. The two-step approach was clearly more sensitive than the one-step approach (gold-conjugated anti-biotin antibody), as no reproducible labeling was obtained with the latter. The digoxigenin-labeled probe gave better labeling than the biotinylated probe. Indeed, a lower concentration of digoxigenin probe and antibodies yielded a higher density of gold particles, as shown by morphometric data, and an increased number of labeled sites in positive cells. In the probe preparation step, digoxigenin labeling by the random-priming method consumed less probe DNA than biotin labeling by nick-translation 807 for a given degree of incorporation (i.e., intensity of dot-blots). The digoxigenin detection system thus offers greater sensitivity than its biotin counterpart. Similar condusions have been drawn by some authors (11) but not by others (31).
It is surprising that the signal detected on embedded sections with non-radioactive probes was weak both in this study and in many published reports on EM ISH for mRNA (8,19,25,26,48,52) . A comparison of previous studies of EM ISH methods (8,11,26,49) suggests that post-embedding ISH, although providing good resolution and acceptable structural preservation, is the least sensitive method. This was naturally attributed to poor penetration of the probes and detection reagents into the embedded sections. Indeed, only mRNA molecules situated at the very surface of the section are reached in post-embedding ISH. In addition, only those molecules with their longitudinal axes parallel to the surface might be hybridized and labeled. Compared to globular antigen proteins, which have several epitopes exposed at the surface of the sections of embedded tissues and are thus accessible to antibodies, hybridization would not be efficient if only short ends of mRNA molecules outcrop. In addition, mRNA is usually present in relatively small amounts and is dqersed throughout cells, whereas vital DNA (or RNA) is usually produced in large copy numbers and is concentrated in the nucleus. Altogether, it is not surprising that postembedding EM ISH displays or can display only a low intensity of mRNA signal. Consequently, discrimination between specific and nonspecific labeling and the sensitivity of the hybridization technique are both crucial.
Subcellular Distribution of mRNA
The cytoplasmic distribution we observed with different EM ISH probes and detection systems is consistent with the sites at which mRNA is translated and routed, and is in keeping with published data (8,10,19,26,27,31,34,48,49) . With the immunogold technique, the hybridization signal was either associated with membrane profiles of the ER or scattered throughout the cytoplasmic matrix. With the enzymatic method, only the ER was labeled. Moreover, the ER was faintly stained by streptavidin or DAB in control sections. Taking into account the interference by endogenous peroxidase (and probably endogenous biotin), the locations provided by the enzymatic system can be regarded as doubtful. Most authors have reported almost exclusive labeling of the ER with the widely used avidin (or streptavidinbperoxidae system (19,31,43) , although some have also observed labeling of secretory granules (19) and mitochondria (31). In view of the limited spatial resolution provided by enzymatic reagents and interference by endogenous compounds such as peroxidase and biotin, there is a strong risk of false-negative and false-positive results. This calls into doubt the precision of mRNA location by enzymatic systems. Both the digoxigenin and biotin systems revealed labeling on both nuclei and cytoplasm. With the digoxigenin probe, substantial amounts of gold particles were occasionally seen on nuclei, whereas the GAM-Gio control showed no nuclear labeling. To avoid nonspecific binding between the probe and DNA fragments, we used DNAse to digest DNA before the hybridization procedure. This resulted in an extraction-like aspect of most nuclei and significantly reduced intranuclear labeling. The elimination of DNA did not, however, lead to total elimination of gold particles within the nuclei. A few particles remained at a density slightly higher than background. Labeling of mRNA within nuclei has also been observed by other investigators but was not commented on (lo, 24,31,52) . Some authors did not attribute negative nuclear labeling to an absence of mRNA but rather to a lack of sensitivity of the applied hybridization system (31) . Recent LM studies of intranuclear hybridization with probes for genomic DNA, introns, and exons have suggested that mRNAs and their precursors are located inside the nucleus (16, 51) . Other investigators have found that transcripts of some genes expressed in the cytoplasm are routed to the inside of the nucleus (6, 39) . In our study, the probe we used might have hybridized to both mRNA and its immature precursors just after processing or routing within the nucleus, which would account for at least some of the apparently nonspecific binding to intranuclear proteins and DNA. The significance of the nuclear labeling observed here warrants detailed investigation.
The presence of large amounts of gold particles on mitochondria, observed with the biotin system, was intriguing. All the mitochondria were so intensely labeled that the signal in fibroblast cytoplasm appeared only slightly higher than the background; even more, tubule cells, because of their richness in mitochondria, became the most strongly positive cells. To check for endogenous biotin, we performed a histochemical test on intact frozen tissue identical to that used for EM ISH. The strong positive staining restricted to the tubules confirmed that these structures bore large quantities of biotin. Indeed, it has been reported that biotin is one of the components of catalytic enzymes in mitochondria (20, 47) . The absence of staining of cells other than tubule cells does not rule out the presence of endogenous biotin, and staining on dispersed mitochondria might be beyond the resolution of LM. Therefore, labeling observed on mitochondria and tubule cells after hybridization with biotinylated probe and anti-biotin antibody must be distinguished from true hybridization signals.
Because biotin is also present in the cytosol of every cell type (1, 20, 21) , interference would be hard to circumvent except with an efficient blocking reagent (47) . Results obtained with biotin-based systems should therefore be interpreted with care. Although the biotin system has been used extensively (4,13.25,31) , few authors have discussed interference by endogenous biotin (47, 52) . The detection of mitochondrial rRNA with a biotin-based system therefore requires confirmation by studies of endogenous biotin (2, 12) .
In conclusion, non-radioactive post-embedding EM ISH permits accurate identification of individual cells expressing specific genes in histologically complex tissue, together with intracellular location of "A.
Because only small amounts of mRNA are exposed at the surface of embedded tissue sections with their longitudinal axes parallel to it, the hybridization signal is inevitably weak. Consequently, the key points in the post-embedding EM ISH technique are discrimination between speclfic and nonspecific labeling and hybridization dficiency. 
